ABSTRACT: Seasonal changes in mixed-layer depth and phytoplankton biomass in the Arabian Sea are assessed with climatologies of ship-based hydrographic measurements and ocean-color observations from satellite. At the close of the intermonsoons in November and especially May, the open Arabian Sea resembles the stereotypic, unperturbed tropical ocean, with a thin oligotrophic mixed layer and a pronounced subsurface chlorophyll maximum. Both the northeast and southwest monsoons disrupt this typical tropical hydrography through mixed-layer deepening and eutrophication in the central and northern Arabian Sea. Computations using a spectral model of light penetration suggest that seasonal changes in mixed-layer thickness and phytoplankton concentration result in pronounced fluctuations through the annual cycle in the radiant flux reaching the base of the mixed layer. At the close of the fall and spnng intermonsoons the base of the model euphotic zone is in the thermocline across all of the open Arabian Sea. The euphotic zone appears to rise Into the mixed layer of the northern Arabian Sea during both the winter and summer monsoons. Strong seasonality in total primary production and its partitioning between the mixed layer and thermocline is predicted by a photosynthesis-irradiance model for a site in the western Arabian Sea (14.36" N, 57.38' E). Modeled mixedlayer primary production depicts an intense peak for the southwest monsoon and a secondary northeast monsoon peak separated by intermonsoon periods of low production. During the fall and spring intermonsoons, in the presence of a subsurface chlorophyll maximum, the model estimate of primary production in the thermocline exceeds that in the mixed layer. Our model calculations suggest that the subsurface chlorophyll maximum present in the Arabian Sea during the spring intermonsoon is a precursor of the regional, summer, phytoplankton bloom.
INTRODUCTION
Light propagating in Case 1 ocean waters (Morel & Prieur 1977 , Gordon & Morel 1983 ) is attenuated mostly through absorption by phytoplankton and by pure seawater. The Arabian Sea exhibits extreme, and coupled, seasonal and geographic variability in shortwave radiation (Hastenrath & Lamb 1979b) , phytoplankton biomass (Currie et al. 1973 , Krey & Babenerd 1976 , Banse & McClain 1986 , Banse 1987b , Bauer et al. 1991 , Brock et al. 1991 ) and mixed-layer depth (Colburn 1975 , Molinari et al. 1986 , Hastenrath & Greischar 1989 , Rao et al. 1989 because of forcing by the monsoons. Given the dependence of photosynthesis on light and autotrophic biomass, these biological and hydrographic changes imply strong spatial and temporal gradients in primary production (Kabanova 1968 , Babenerd & Krey 1974 , Qasim 1982 , and high variability in the relative importance of production in the mixed layer and in the thermocline.
The goal of this paper is to assess seasonal changes in submarine irradiance and the vertical partitioning of photosynthesis in the Arabian Sea. The objectives are to: (1) summarize the variation in mixed-layer depth and phytoplankton biomass through the annual cycle; (2) estimate by season the irradiance reaching the thermocline; and (3) evaluate the contribution from, and the importance of, production below the mixed layer in the western Arabian Sea.
Submarine light is of particular relevance to the occurrence of a subsurface chlorophyll maximum (SCM) within the Arabian Sea, in the upper thermocline, at sites with a n oligotrophic mixed layer (Yentsch 1965 , Saijo 1973 , Krey & Babenerd 1976 , Bauer et al. 1991 , Mantoura 1991 . These submerged phytoplankton blooms are seasonally and geo-Fall Intermonsoon (November) Northeast Monsoon (February) 45"E 50°E 55"E 60°E 65"E 70°E 75"E 80°E 45"E 50°E 55"E 60°E 65"E 70°E 75"E 80°E
Spring lntermonsoon (May) Southwest Monsoon (August) Fig. 1 . Monthly mixed-layer depth fields (m) (Hastenrath & Greischar 1989) used in light modeling and representing the 4 seasons of the annual monsoon cycle. Mean position of the Findlater Jet in July is shown by the arrow on the map of mixed-layer depth in November graphically distinct from surface-layer blooms driven by the monsoon winds (Banse & McClain 1986 , Banse 198713, Bauer et al. 1991 , Brock et al. 1991 . Blooms in the upper thermocline should differ fundamentally from those in the mixed layer, because they usually occur within or directly adjacent to a sharp nitricline and near the vertical turbulence minimum (Ryther & Menzel 1965 , Ryther et al. 1966 , Mann & Lazier 1991 . Ocean-color sensors are incapable of observing SCM layers, because about 90% of the ocean-color signal derives from the first attenuation depth (Gordon & McCluney 1975) , usually shallower than the upper thermocline, the typical site of the SCM in well stratified, tropical waters (Yentsch 1965 , Venrick et al. 1973 , Gieskes et al. 1978 , Hayward et al. 1983 ) However, climatological mixed-layer fields can be used to constrain the vertical chlorophyll profiles in the Arabian Sea. Inclusion of this ancillary hydrographic information allows the implementation of a submarine llght model to estimate the light at the base of the mixed layer, which is assumed to have vertically uniform phytoplankton biomass.
APPROACH
The monthly mixed-layer depth fields (Hastenrath & Greischar 1989) (Fig. 1 ) and cloudiness fields from the Max Planck Institute, Hamburg, Germany (Wright 1988) were both interpolated to 1" from an original resolution of 2". A monthly climatology of phytoplankton biomass (Fig. 2) (Feldman et al. 1989) . The data sets used in this study are the MONTHLYPST CZCS data product from the Nimbus Project Office at NASA Goddard Space Flight Center (Feldman et al. 1989) , monthly mixed-layer depth (Hastenrath & Greischar 1989) and cloud-cover (Wright 1988) climatologies, and water-column measurements of phytoplankton pigment concentration . Table 1 summarizes the characteristics of these data sets. Incident irradiance and submarine light were modeled at l0 spatial resolution over the entire Arabian Sea (0 to 28" N, 45 to 80" E) for months considered to best represent the hydrographic conditions that pertain at the end of each season. These 4 annual seasons are the fall intermonsoon (September-November), the northeast monsoon (December-February), the spring intermonsoon (March-May), and the southwest monsoon (June-August). Unlike some other definitions of the seasons of the Arabian Sea (Webster 1987 , Schott et al. 1990 ), these designations are based on the mean oceanographic, not atmospheric, conditions. Light modeling. The direct and diffuse components of spectral surface irradiance for cloud-free skies were estimated for Day 15 of each month using the model of Bird (1984) as implemented in Sathyendranath & Platt (1988) . Cloud-cover correction was adapted from the model of Paltridge & Platt (1976) as in Platt et al. (1991) using the monthly cloud climatology of the Max Planck Institute (Wright 1988 ). The spectral model of Sathyendranath & Platt (1988 & Platt ( , 1989 was used to compute the penetration of direct and diffuse components of the submarine light field through a mixed layer whose monthly mean depth and phytoplankton biomass were described by the climatologies of Hastenrath & Greishar (1989) and the CZCS, respectively. In this implementation, the satellite-observed phytoplankton biomass is assumed to represent vertically-uniform, mixed-layer biomass.
The spectral irradiances at the sea surface and at the base of the mixed layer were integrated over the wavelength range of interest in photosynthesis (400 to 700 nm) to evaluate the percentage of light transmitted through the mixed layer. The calculations were repeated for every position on a l 0 X 1" grid for the 4 months under consideration to produce the maps in Fig. 3 .
Modeling of primary production. We computed primary production through the annual cycle at the site (14.36" N, 57 .38" E) where a vertical chlorophyll profile was measured by the RV 'Sonne' on May 24, 1986 (Fig. 4a represents the hydrographic state in late May at the very end of the spring intermonsoon, and it is situated in the northwestern Arabian Sea in the region known to undergo monsoonal upwelling in summer (Smith & Bottero 1977 , Swallow 1984 , Ba.uer et al. 1991 , Brock et al. 1991 , Hay et al. 1993 ).
The photosynthesis-irradiance model used was that of Platt & Sathyendranath (1988) . This is a non-linear, spectrally sensitive photosynthesis-light model which is applicable to the case of a non-uniform vertical biomass profile. Assuming no photoinhibition, 2 parameters describe the photosynthesis-light curve, the initial and pmB. Based on this study of the available profiles,
The dependence of photosynthesis on available light in an oligotrophic mixed layer is likely to differ from that for regions of high nutrient fluxes or within the nutricline (Platt et al. 1992) , but due to lack of sufficient data from the Arabian Sea, we have not made allowances for such changes. The starting point is the equation of Smith (1936) for estimation of primary production, P (mg C m-3 h-') at any depth z (m):
where B(z) is the photosynthetically active biomass (mg and I(z) is the photosynthetically active irradiance (W m-') at depth z. Platt & Sathyendranath (1988) and Sathyendranath & Platt (1989) have revised this algorithm to include the dependence of primary production on the spectral and angular structure of the light field:
where In Eq. (3), h = wavelength; 0 = the sun's zenith angle in water; subscript s refers to the diffuse (sky) component of sunlight; subscript d refers to the direct component.
Following Sathyendranath & Platt (1989) , the shape of the action spectrum is held constant, and its magnitude scaled such that its spectral average equals the value of crB in the equation of Smith (1936) .
The vertical profile of pigment biomass required by the primary production model was synthesized for each month at the site of the May 24, 1986, RV 'Sonne' station in the western Arabian Sea (Fig. 4b) . The mixed-layer depth and thermocline thickness, and its vertically uniform phytoplankton biomass, were provided by the Hastenrath & Greischar (1989) and CZCS-based clirnatologies. A gradually intensifying subsurface chlorophyll maximum was imposed upon an oligotrophic baseline pigment biomass of 0.06 mg m-3 in the upper half of the thermocline. The baseline pigment biomass assigned to the upper thermocline is that observed by the CZCS for the mixed layer in May, and is in general agreement with historical chlorophyll profiles. It was assumed to decrease linearly to zero through the lower half of the thermocline, an approximation of the vertical profile observed by the RV 'Sonne'.
The monthly average daily rate of primary production was estimated separately for the mixed layer and thermocline (Fig. 5 ) . Production from the thermocline was estimated for varying vertical biomass profiles ranging from no SCM to an intense deep chlorophyll peak 10 times the baseline value and at a depth l/s of the thermocline thickness below the base of the mixed layer. The geometric form for the model SCM is a generalization of the distinct deep maximum observed in the upper thermocline by the RV 'Sonne' in late May of 1986.
RESULTS AND DISCUSSION
Mixed-layer depth and phytoplankton biomass Although most previous work has focussed on either the northeast monsoon (Banse & McClain 1986 , Bauer et al. 1991 or the southwest monsoon (Smith & Bottero 1977 , Smith & Codispoti 1980 , Smith 1984 , Swallow 1984 , Naidu & Rao 1990 , Bauer et al. 1991 , Brock et al. 1991 ) the transitional periods, or intermonsoons, are also very distinct seasons (Colburn 1975 , Hastenrath & Lamb 1979a . During both the fall intermonsoon and the spring intermonsoon, winds are weak (Hastenrath & Lamb 1979a) , cloudiness is diminished, and net heating results in a thin, oligotrophic mixed layer (Figs. 1 & 2) (Colburn 1975 , Molinan et al. 1986 , Banse 1987b , Rao et al. 1989 .
Naidu & Rao 1990) . The spring intermonsoon is the season of greatest heating (Hastenrath & Lamb 1979b) , and in May the mixed layer in the open Arabian Sea is mostly shallower than 50 m (Hastenrath & Greischar 1989) (Fig. l) , and the climatological pigment concentrations observed by the CZCS are generally less than 0.1 mg m-3 (Fig. 2) . Net oceanic heating during the fall intermonsoon, though not as extreme as during the spring intermonsoon, is also positive. In contrast, both the winter and summer monsoons result in regions of heat loss across much of the Arabian Sea (Hastenrath & Lamb 1979b) . We believe that the intermonsoon seasons ought to be recognized as periods of strong physical forcing that greatly impacts shallow hydrography and trophic state, and should not be viewed simply as quiescent intervals.
Historical vertical profiles of temperature and phytoplankton pigments (Yentsch 1965 , Saijo 1973 , Krey & Babenerd 1976 , Karabashev & Solov'yev 1978 , ship-observed, surface-chlorophyll concentrations (Babenerd & Krey 1974 , Banse 1987b , and mixed-layer depth and phytoplankton-biomass climatologies (Figs. 1 & 2 ) strongly suggest that in May almost the entire Arabian Sea attains the 'Typical Tropical Structure' (TTS), first described in the eastern tropical Atlantic (Herbland & Voituriez 1977 . Shoaling of the mixed layer and a basinwide spread of oligotrophy suggest that following the close of summer monsoon the Arabian Sea again approaches the TTS, although during the fall intermonsoon this trend is apparently stunted by the less intense upper ocean heat gain (Hastenrath & Greischar 1989) .
Although both the northeast and southwest monsoons result in mixed-layer deepening and regional phytoplankton blooms in the Arabian Sea, different mechanisms have been proposed. Climatologies of mixed-layer thickness (Hastenrath & Lamb 1979a) and phytoplankton biomass as observed by satellite for February (Figs. 1 & 2) reveal a 30 m increase in mixedlayer thickness during the northeast monsoon and an approximate doubling of phytoplankton biomass over all but the southeastern Arabian Sea. This seasonal evolution is consistent with the results of Banse & McClain (1986) and Banse (1987b) who used both ship and satellite observations to identify wintertime phytoplankton blooms in the northern Arabian Sea. These winter blooms are probably due to vertical mixing caused by wind stirring or convective overturn; however, their origin remains somewhat ambiguous (Banse & McClain 1986) .
Upwelling off the coasts of Somalia (Smith & Codispoti 1980 , Schott 1983 , Smith 1984 and Oman (Bruce 1974 , Smith & Bottero 1977 , Swallow 1984 , Elliot & Savidge 1990 , Bauer et al. 1991 during the southwest monsoon yields a phytoplankton bloom (Krey & Babenerd 1976 , Banse 1987b , Bauer 1991 , Brock et al. 1991 ) that extends over much of the western Arabian Sea in August (Fig. 2) . The portion of this regional bloom that extends over 700 km seaward of the Omani shelf has been attributed to upward Ekrnan pumping driven by strong, positive wind-stress curl to the northwest of the Findlater Jet (Findlater 1966 ) axls (Bauer et al. 1991 , Brock et al. 1991 . Deepening of the summer mixed layer in the central Arabian Sea (Fig. 1) has been attributed to convergence in the Ekman layer caused by negative wind-stress curl south of the Findlater Jet axis (Rao 1986 , McCreary & Kundu 1989 , Naidu & Rao 1990 , Bauer et al. 1991 Qasim (1982) used historical ship measurements to map the depth of 1 % illumination (euphotic zone) in the northern Arabian Sea. His map combines data from throughout the year and depicts a range in euphotic zone depth of 20 to 60 m with an average of 40 m. Shoaling of the euphotic zone from south to north in the Arabian Sea is implied, as Qasim (1977) suggested an average thickness of 60 m for the euphotic zone in the southern Arabian Sea.
Krey & Babenerd (1976) presented maps of euphotic layer thickness in the Indian Ocean for two 6 mo periods, May through October and November through April. Such maps are not well suited for validating our light modeling, because these half-year periods combine highly contrasting seasons. The Krey & Babenerd (1976) compilation is based on data collected during the International Indian Ocean Expedition, and depicts an annual range in euphotic layer depth of about 50 to 90 m for the Arabian Sea.
The coupled light models of Bird (1984) and Sathyendranath & Platt (1988 & Platt ( , 1989 predict that, at the close of both the fall and spring intermonsoons, the base of the euphot~c zone is below the mixed layer everywhere in the open Arabian Sea (Fig. 3) . In November, at the end of the fall intermonsoon, a high in thermocline irradiance exceeding 19% of the surface irradiance is predicted for a region of shoaled mixed layer centered at 5' N, 55' E. The spring intermonsoon yields maximum light at the mixed-layer base off Arabia near 17" N, 63O E. This region coincides with a shoaled mixed layer with phytoplankton pigment concentrations less than 0.10 mg m-3, where light at the mixed-layer depth is estimated to exceed 15 % of that at the surface.
The model predicts that both the northeast and southwest monsoons result in extensive regions in the northern Arabian Sea where less than 1 % of the surface light reaches the uppermost thermocline (Fig. 3) . At the close of the northeast monsoon in Febuary, the base of the euphotic zone is predicted to rise into the deepened mixed layer north of about 15' N. In August this region is more extensive than in winter, and its origin is more complex. As the southwest monsoon hydrography becomes fully developed, the uppermost thermocline is predicted to receive less than 1 % of surface light beneath all areas subject to either upward or downward Ekman pumping or coastal upwelling. Thus, a light-starved thermocline is expected off the Omani and Somali coasts, across the open-sea upwelling northwest of the atmospheric Findlater Jet, and beneath the deepened central Arabian Sea mixedlayer. Note that high-pigment water of the open-ocean upwelling bloom in the northwestern Arabian Sea extends southeastward over the central Arabian Sea mixed layer to intensify light attenuation above the descended thermocline.
Our light modeling predicted the intermonsoons to be seasons of peak light availability for photosynthesis in the upper thermocline of the Arabian Sea, consistent with the observations of subsurface chlorophyll maxima in the spring and fall intermonsoons reported by Krey & Babenerd (1976) and Hay et al. (1992) . The northern Arabian Sea thermocline is predicted to undergo intense and geographically extensive decrease in thermocline irradiance during the southwest monsoon. Consequently, the deepest light propagation is predicted to occur during the seasons of low wind strength between the monsoons (Hastenrath & Lamb 1979a) . T h~s seasonality in light at the base of the mixed layer implies variation in the relative contribution of the thermocline to total, water-column primary production.
Primary production in the western Arabian Sea
The annual cycle of mixed-layer primary production estimated by the model of Platt & Sathyendranath (1988) at th.e RV 'Sonne' station site in the western Arabian Sea includes a massive peak for the southwest monsoon (nearly 2000 mg C m-2 d-') and a secondary maximum (about 250 mg C m-' d-l) for the northeast monsoon (Fig. 5a ). As might be inferred from satellite ocean-color, mixed-layer primary production diminishes during the intermonsoons, dropping to less than 50 mg C m-2 d ' in April, May and June.
Peaks in thermocline primary production are predicted for the intermonsoons even i f thermocline phytoplankton biomass is assumed uniformly oligo- trophic throughout the year (Fig. Sb) . This arises from changes in thermocline irradiance (Fig. 3 ) mainly due to variation in mixed-layer light attenuation. More fundamentally, increases in thermocline irradiance in the western Arabian Sea during the intermonsoons are a consequence of evolution towards the TTS upon diminution of the winds and mixed-layer heating at the close of each monsoon. Thus, as the surface irradiance increases (Fig. 6) , and the mixed-layer shoals and phytoplankton biomass in it decreases (Fig. ?) , the hydrography approaches that of unperturbed tropical waters, the natural state of the Arabian Sea in the absence of monsoons. A deep chlorophyll peak that reaches 8.8 times the baseline biomass, such as that observed by the RV 'Sonne' at the close of the spnng Month intermonsoon, is a component of the classic TTS (Herbland & Voituriez 1977 , and it results in a severalfold increase in thermocline primary production during the spring and fall intermonsoons (Fig. Sb) . Assuming an SCM of this intensity, the primary production from the thermocline alone in May is estimated to approach 500 mg C m-' d-l. Historical vertical profiles strongly suggest that in the northern Arabian Sea the SCM dissipates beneath thickened, eutrophic mixed-layers of the monsoons (Babenerd & Krey 1974) . Further, the low monsoonal thermocline irradiance predicted by the submarine light model severely limits thermocline primary production, regardless of the concentration of viable phytoplankton biomass below the mixed layer. Even in the absence of a n SCM, most of the total water-column primary production (Fig. 5c) and light attenuation by chlorophyll (Fig. 8 ) is predicted to occur in the thermocline during April, May and June (Fig. 5c) . The inclusion of a n SCM greatly enhances the model prediction of light attenuation by chlorophyll and carbon assimilation in the thermocline during the spnng intermonsoon, and results in a fall intermonsoon period of deep primary production exceeding that estimated for the mixed layer. Vertical chlorophyll profiles observed in the western Arabian Sea during the spring intermonsoon typically reveal SCMs with chlorophyll concentrations greater than 10 times an oligotrophic value (Babenerd & Krey 1974) . Thus, the model predicts that during the spring intermonsoon, depth-integrated primary production in the thermocline should be about 10-fold greater than depthintegrated mixed-layer primary production (Fig. 5c) . The portion of total water column production that occurs in the lntermonsoon thermocline may be even higher than that predicted by this model, because in the nutrient-rich thermocline, the initial slope ciB [mg C (mg chl a)-' h-' (W of this curve is likely to be higher than it is in the oligotrophic mixed layer (Platt et al. 1992 ). In the light-limited thermocline regime, the consequence would parallel that for a n intensified SCM, enhanced partitioning of primary production into the thermocline relative to the mixed layer.
Although a n explanation for the SCM observed during the spring intermonsoon in the western Arabian Sea is outside the scope of this paper, the results of our model experiment favor the hypothesis of enhanced growth in a pycnocline with abundant light and nitrate (Jamart et al. 1977 ). An SCM in a stable oceanographic regime normally consists of shade-adapted plants, exists between the 1 and 0.1 % light levels, and traps nutrients difusing up from a nutricline immediately below (Banse 1987a , Dortch 1987 , Longhurst & Harrison 1989 . The model surface irradiance increases during the spring intermonsoon at the location of the RV 'Sonne' station (Fig. 6) , and in May, the uppermost pycnocline at this site in the western Arabian Sea is expected to receive 14 % of the surface light, or about 37 W m-2. Therefore, a chlorophyll peak just below the western Arabian Sea mixed layer in May should experience comparatively high irradiance. Given that a sharp nitricline corresponds to the upper pycnocline (Ryther & Menzel 1965 ), a nitraterich layer should be present in the lower euphotic zone during the spring intermonsoon, as surface irradiance rises towards the summer solstice under cloud-free s h e s , and light attenuation drops in the increasingly thin and oligotrophic mixed layer. We believe that the extreme seasonality of the deep light field and sharp nutrient stratification of the western Arabian Sea allows an SCM to form during the spring intermonsoon. In our view, the nitricline is light-flooded between the monsoons, driving photosynthesis below the mixed-layer, in an environment that is, at least initially, nutrient-rich. Further, phytoplankton cells beneath the intermonsoon mixed layer should experience a gradual increase in light through the season that would further enhance photosynthesis (Fig. 8) .
The sediment trap deployment in the Arabian Sea (Nair et al. 1989) provides evidence for export production from the SCM in the western Arabian Sea during the intermonsoons. The total particlate fluxes captured by the western trap (16.18" N, 60.15" E) increase at the close of each intermonsoon prior to the onset of vigorous monsoon winds. F l u e s reported for the early intermonsoon months of March, April and October are consistently below 20 mg m-' d-', yet rise in May to exceed 40 mg m-2 d-' and in November-December to above 100 mg d-l. Downward transit of organic carbon from an SCM in May and November-December should be enhanced by its position within or below the primary density interface and directly above an intense oxygen minimum zone from 200 to 1500 m (Wyrtki 1971). The rain of particulate organic carbon from the SCM should upon minimal sinking enter thls oxygen minimum zone, where heterotrophic respiration and decomposition is severely inhibited (Vinogradov & Voronina 1961 , Vinogradov 1970 . The observations at the western Arabian Sea sediment trap (Nair et al. 1989) showed that organic carbon constituted the highest percentage of the total flux (7.1 %) during the spring intermonsoon, consistent with our expectation of increased deep primary production in this season (Nair et al. 1989) .
The widespread SCM in the Arabian Sea just prior to the onset of summer monsoon upwelling couId be the precursor of the extensive phytoplankton bloom observed across the western Arabian Sea in summer (Krey & Babenerd 1976 , Banse 1987b , Bauer et al. 1991 , Brock et al. 1991 . Given an open-sea upwelling rate of 1.5 m d-' (M. Luther pers. comm.) and a 30 m thick mixed-layer, this preexisting subsurface bloom could reach the surface in 20 d to create a regional phytoplankton bloom. Uplift of an SCM requires no horizontal ad.vection or nutrient fluxes into the mixed layer to yield a summer, surfaceIayer bloom, visible to satellite ocean-color sensors, over all of the Arabian Sea north of the Findlater Jet axis. The nitricline is also upwelled, and the mixed Iayer persists in spite of Ekman layer divergence, implying entrainment of nutrient-charged water into a continually reforming mixed layer. Thus, the regional, southwest monsoon bloom of phytoplankton is envisioned to begin in the upper thermocline in a nutrientrich, light-limited environment during the spring intermonsoon when the Arabian evolves towards the state of unperturbed tropical waters.
CONCLUSIONS
Our examination of climatological ship-data and satellite-based ocean-color observations has verified that the mixed layer across most of the Arabian Sea shoals and becomes oligotrophic during the intermonsoon seasons in fall and spring. In May, at the close of the season of greatest heating, the open Arabian Sea approaches the state of an unperturbed tropical ocean with mixed-layer depths shallower than 50 m and satellite-observed pigment concentrations less than 0.1 mg m-3. The northeast monsoon results in phytoplankton blooms in the northern Arabian Sea, and a deepening of the mixed layer over most of the basin. Monsoonal upwelling driven by the southwest monsoon yields a massive phytoplankton bloom that extends over much of the western Arabian Sea in late summer. Negative wind-stress curl to the south of the Findlater Jet forces convergence in the Ekman layer and deepening of the mixed layer in summer in the central Arabian Sea.
Our light model computations predict that seasonal changes in the mixed layer create variations in the thermocline light field through the annual cycle. According to the model results, the base of the euphotic zone is below the mixed layer over all of the open Arabian Sea at the close of the fall and spring intermonsoons. Both the summer and winter monsoons result in a euphotic zone contained wholly within the mixed layer of the northern Arabian Sea. In August, at the final phases of the development of the southwest monsoon hydrography, the thermocline is predicted to recelve less than 1 % of surface light in areas subject to either mixed-layer eutrophication or deepening, which is most of the Arabian Sea north of 10" N.
The photosynthesis-irradiance model of Platt & Sathyendranath (1988) predicts strong seasonality in the partitioning of primary production between the mixed layer and the thermocline at 14.36' N, 57.38' E in the western Arabian Sea. The computed mixedlayer primary production reaches a n intense peak during the southwest monsoon and a secondary peak during the northeast monsoon. These 2 peaks are separated by intermonsoons of extremely low mixedlayer production. In contrast, modeled primary production in the thermocline peaks during the intermonsoons, even with phytoplankton biomass below the mixed layer held vertically uniform and oligotrophic throughout the year. If we assume a deep chlorophyll peak similar to that observed at this location by the RV 'Sonne' in 1986, the estimated primary production from the thermocline in May would approach 500 mg C m-' d-', which is an order of magnitude greater than the prod.uction from the mixed layer for this month and location. Thermocline production is predicted to exceed that in the mixed layer in April, May and June even in the most conservative case of a consistently oligotrophic upper thermocline. Inclusion of a deep chlorophyll maximum greatly enhances modeled deep production during the spring and fall intermonsoons.
We believe that the nitricline of the western Arabian Sea is flooded with light between the monsoons, driving photosynthesis below the mixed layer, which is not nutrient limited. A deep phytoplankton bloom forced by this mechanism could be brought to the surface rapidly at the onset of the southwest monsoon by Ekman pumping across the Arabian Sea north of the Findlater Jet. Thus, our model experiment suggests that the extensive phytoplankton bloom during the southwest monsoon in the western Arabian Sea begins in the upper thermocline in a nutrient-rich, lightlimited environment during the preceeding spring intermonsoon, the season of greatest mixed-layer oligotrophy.
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